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LPM Interferen
e and Cherenkov-like Gluon Bremsstrahlung in Dense MatterA. Majumder and Xin-Nian WangNu
lear S
ien
e Division, MS 70-319, Lawren
e Berkeley National Laboratory, Berkeley, CA 94720 USA(July 26, 2005) LBNL-58446Gluon bremsstrahlung indu
ed by multiple parton s
attering in a �nite dense medium has aunique angular distribution with respe
t to the initial parton dire
tion. A dead-
one stru
ture withan opening angle �20 � 2(1 � z)=(zLE) for gluons with fra
tional energy z arises from the Landau-Pomeran
hu
k-Migdal (LPM) interferen
e. In a medium where the gluon's diele
tri
 
onstant is� > 1, the LPM interferen
e pattern is shown to be
ome Cherenkov-like with an in
reased openingangle determined by the diele
tri
 
onstant 
os2 �
 = z + (1� z)=�. For a large diele
tri
 
onstant� � 1 + 2=z2LE, the 
orresponding total radiative parton energy loss is about twi
e that fromnormal gluon bremsstrahlung. Impli
ations of this Cherenkov-like gluon bremsstrahlung to the jet
orrelation pattern in high-energy heavy-ion 
ollisions is dis
ussed.PACS numbers: 12.38.Mh, 24.85.+p; 13.60.-r, 25.75.-qI. INTRODUCTIONThe two most striking experimental observations in
entral Au + Au 
ollisions at the Relativisti
 Heavy-ion Collider (RHIC) are the large 
olle
tive 
ow [1℄ andstrong jet quen
hing [2,3℄ that are believed to be the ex-perimental eviden
e [4,5℄ for the formation of stronglyintera
ting quark-gluon plasma (sQGP). The observedstrong 
olle
tive 
ow is measured by the azimuthalanisotropy v2 whi
h results from the initial energy den-sity or pressure and geometri
 ellipti
ity of the densematter [6℄. The measured v2 was found to rea
h the hy-drodynami
 limit of a perfe
t 
uid with extremely smallvis
osity [7,8℄. Jet quen
hing or the suppression of highpT hadron spe
tra, on another hand, is 
aused by par-ton energy loss [9℄ as the energeti
 parton jet propagatesthrough the dense medium. Phenomenologi
al analysesof the jet quen
hing pattern based on parton energy lossreveal an initial parton density that is about 30-40 timeshigher than in a 
old nu
lear matter [10{12℄. Su
h a den-sity is also 
onsistent with the hydrodynami
al analysisof the observed 
olle
tive 
ow [8℄.In an e�ort to re
over the energy lost by the leadinghadrons, one �nds indeed an enhan
ement of soft hadronsalong the dire
tion of the initial parton jets [13,14℄ as de-termined by the opposite dire
tion of the triggered highpT hadron. These soft hadrons, however, have a mu
hbroadened angular distribution whi
h peaks at a �niteangle away from the initial jet dire
tion. This is quite dif-ferent from the distribution in pp 
ollisions whi
h peaksalong the dire
tion of the initial jet. Su
h a phenomenonhas been attributed to Mark 
one or 
oni
al 
ow [15{17℄
aused by the propagation of a supersoni
 jet through thedense medium. The same angular pattern 
ould also bea result of Cherenkov gluon radiation [18,19℄. However,as pointed out in Ref. [20℄ and will be dis
ussed laterin this paper, the total energy loss 
aused by Cherenkovgluon radiation is very small as 
ompared to radiative en-

ergy loss indu
ed by multiple parton s
attering [21{26℄.Therefore, it 
annot be the dominant 
ause of the ob-served jet quen
hing and the indu
ed soft hadron pro-du
tion.This paper will dis
uss the angular distribution ofgluon bremsstrahlung indu
ed by multiple s
attering ofa fast parton in a medium that has a gluoni
 diele
-tri
 
onstant � > 1 and the 
onsequen
es on the to-tal radiative energy loss. We start with an analysis ofthe bremsstrahlung of light-like gluons indu
ed by mul-tiple s
attering that has a unique angular distributiondetermined by the gluon formation time relative to themedium size due to the Landau-Pomeran
hu
k-Migdal(LPM) interferen
e. The results are then extended tothe 
ase when gluons a
quire a spa
e-like dispersion re-lation in the medium due to a large diele
tri
 
onstant� > 1. The angular distribution of the spa
e-like gluonbremsstrahlung will then be shown to peak at an anglesolely determined by the gluon diele
tri
 
onstant � inthe medium. Su
h a Cherenkov-like pattern is shownto be the result of the LPM interferen
e in indu
edbremsstrahlung of gluons with a large diele
tri
 
onstantor index of refra
tion n = p�. Other features of theCherenkov-like gluon bremsstrahlung and 
onsequen
eson the soft parti
le distribution indu
ed by jet quen
hingin high-energy heavy-ion 
ollisions will also be dis
ussed.II. LPM INTERFERENCE AND THEDEAD-CONEGluon bremsstrahlung indu
ed by multiple s
atteringof a fast parton in a dense medium has been shown topossess many interesting features [21{26℄ due to the LPMinterferen
e in QCD. One of the unique features is thequadrati
 length (L) dependen
e of the parton radiativeenergy loss in a �nite and stati
 medium. This is a 
onse-quen
e of the LPM interferen
e and the unique feature of1



gluon radiation in QCD. The most important 
ontribut-ing fa
tor is the intera
tion of the gluoni
 
loud surround-ing the propagating parton with the medium and the re-sulting gluon bremsstrahlung. Su
h non-Abelian LPMinterferen
e should also be manifested in the underlying�nal gluon spe
tra.In the framework of twist expansion, the gluon spe
traindu
ed by double s
attering of a fast quark with energyE in a stati
 dense medium has been obtained in Ref.[26℄ as,dNgdzd`2T = P (z)�2s eCmNL 1̀4T h1� e�(L=�f )2i ; (1)where z and `T is the gluon's fra
tional energy and trans-verse momentum, respe
tively. P (z) = [1 + (1 � z)2℄=zis the quark-gluon splitting fun
tion and �f = 2z(1 �z)E=`2T is de�ned as the gluon's formation time. Theabove result is obtained for a quark propagating througha 
old nu
leus with a Gaussian density distribution�(r) � exp(�r2=2L2). The parameter eCmN representsthe gluon 
orrelation strength and mN is the nu
leonmass introdu
ed only for the 
onvenien
e of normaliza-tion. In a hot QCD medium, �s eCmN � �2�g�0 [10℄ with� the Debye s
reening mass, �g the parton-gluon 
rossse
tion and �0 the average gluon density. Here, one hasused the relation �sxG(x) � �2�g as the gluon densityprobed by the propagating parton in the medium.
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0 0.5 1 1.5 2 2.5 3FIG. 1. Angular distribution of gluon bremsstrahlung in-du
ed by multiple parton s
attering: !0dNg=dzd`T versus`T =!0, where !0 �p2Ez(1� z)=L. Gluon spe
tra is s
aledby P (z)eC�2sLmN=!20 and the gluon's fra
tional momentumis set z = 0:2. The dashed line is for ordinary gluonbremsstrahlung with LPM interferen
e as given by Eq. (1).The solid and dot-dashed lines are the distribution in Eq. (4)for the bremsstrahlung of gluons that has a spa
e-like disper-sion relation with ��T (`)=!20 = 4 and 1, respe
tively.The above spe
tra is �nite at `T = 0 in 
ontrast to thegluon bremsstrahlung in va
uum whi
h is 
ollinearly di-vergent. This is a unique feature of LPM interferen
e ina non-Abelian theory. Be
ause of the LPM interferen
e,gluons with formation time �f = 2z(1 � z)E=`2T mu
h

larger than the medium size L will have destru
tive in-terferen
e and will be suppressed. This will lead to adepletion of gluons in the forward 
one within an angle�0 � !0zE �r2(1� z)zEL ; (2)as illustrated in Fig. 1 by the dashed line. Therefore,LPM interferen
e e�e
tively 
reates a dead-
one for thegluon bremsstrahlung in the dire
tion of the fast parton.The size of the dead-
one de
reases both with the partonenergy and medium size. The angular distribution of thebremsstrahlung gluons is peaked at �0 and the width ofthe peak is also about �0.In pra
ti
e, the 
ollinear divergen
e in parton frag-mentation will be regulated by the hadronization s
ale`T � �QCD. This means any angular stru
ture within anangle � < �QCD=zE 
annot be observed. This requireszE=L > �2QCD=2 in order for the LPM interferen
e pat-tern to be observed in the soft hadron spe
tra.III. CHERENKOV-LIKE GLUON RADIATIONFor a more 
omplete treatment of the gluonbremsstrahlung in hot QCD medium, one should alsoin
lude the e�e
t of further intera
tion between the radi-ated gluon and the medium. At high temperature inQCD, for example, one 
an simply repla
e the gluonpropagator by an e�e
tive one as one resums all hardthermal loops [27℄ as has been dis
ussed in Ref. [28℄in the 
al
ulation of radiative energy loss by a heavyquark. If the temperature of the QGP is just above T
,hard thermal loop (HTL) treatment of parton intera
-tion at �nite temperature is known to fail to des
ribelatti
e QCD results [29,30℄. One might expe
t a di�er-ent dispersion relation for gluons in this region where thestrong intera
tion between partons are non-perturbative.The empiri
al observation of the sQGP also indi
ates thenon-perturbative behavior of QCD matter as 
reated inthe 
entral Au + Au 
ollisions at RHIC. These observa-tions have led to the suggestion that the QCD matter
ould be
ome e�e
tively 
omposed of medium-modi�ed(heavy) quarks and gluons and their s
reened Coulombpotential 
ould lead to many shallowly bound states [31℄.The strong intera
tion between these bound states 
anprovide an e�e
tive me
hanism for the observed smallvis
osity. These bound states most likely exist in thegluon se
tor or 
ould be quite heavy, sin
e abundantlight quark bound states 
an be ruled out by the lat-ti
e study of 
harge and baryon number 
u
tuation orstrangeness-baryon 
orrelations [32℄. If su
h gluoni
 orheavy bound states exist, the intera
tion between gluonand these bound states 
ould lead to a spa
e-like disper-sion relation that gives rise to a gluon diele
tri
 
onstant� > 1. A re
ent study within a simple model of tran-sitional ex
itation of heavy parti
les by a light parti
leindeed shows a spa
e-like dispersion relation for the light2



parti
le in the soft region [20℄. Su
h an e�e
tive gluoni
dispersion relation was also suggested in a re
ent study[18℄ of Ma
h-
one-like density ex
itation by a spa
e-likelongitudinal plasmon mode (or Cherenkov radiation).For the purpose of studying the pattern of Cherenkov-like gluon radiation indu
ed by multiple s
attering in thispaper, let us simply assume an e�e
tive spa
e-like disper-sion relation for gluons. Therefore, the gluon propagatorwill have a general formD��(`) = � P��T`2 ��T + i� � P��L`2 � �L + i� ; (3)where P��T and P��L are the transverse and longitudi-nal proje
tor, respe
tively. As an illustration of the 
on-sequen
es of the spa
e-like gluon dispersion relation inthis paper, we fo
us only on the transverse part in the
al
ulation of indu
ed gluon bremsstrahlung. We willalso use the 
orresponding spe
tral fun
tion for the �-nal gluons. We assume Re�T (`) < 0 in the dispersionrelation `2 � �T (`) = 0 and that the imaginary partIm�T (`)� 2[~̀2 +Re�T (`)℄ [20℄ in the regime of our in-terest so that these soft gluons are not damped during thepropagation through the medium. With these simpli�-
ations, the 
al
ulation of indu
ed gluon bremsstrahlungvia multiple s
attering is very similar to the normal 
ase.The �nal gluon distribution 
an be obtained from Eq. (1)with the repla
ement `2T ! `2T + (1� z)�T (`),dNgdzd`2T � P (z)�2s eCLmN 1[`2T + (1� z)�T (`)℄2 h1� e�(L=e�f )2i ;(4)where e�f = 2Ez(1� z)=[`2T + (1� z)�T (`)℄.The above gluon spe
tra 
learly has a very di�erentstru
ture for a spa
e-like dispersion relation �T (`) < 0from that in Eq. (1). It is peaked at `2T = (1� z)j�T (`)jwhi
h is independent of the medium size L, in 
ontrastto the angular distribution of bremsstrahlung of normallight-like gluon with LPM interferen
e. The 
orrespond-ing angular distribution has also a peak stru
ture andis strongly suppressed in the forward dire
tion within a
one � < �
 as illustrated by the solid and dot-dashedlines in Fig. 1. The width of the peak is, however, thesame as the bremsstrahlung of ordinary light-like gluonswith LPM interferen
e. The shift of the peak to a largerangle depends on the value of �T (`)=!20. For simpli
ity,we have set �T (`) as independent of `T for soft gluonsin Fig. 1 as an illustration. In general j�T (`)j shoulddepend on gluon's momentum ` and de
reases with ` atlarge momentum. In this limit, gluons will be
ome light-like again. With a momentum-dependent j�T (`)j, theshape and position of the peak will be slightly modi�ed.The above pattern of gluon bremsstrahlung is verysimilar to that of Cherenkov radiation. However, when
ast in the form of indu
ed radiation from multipleparton s
attering, one 
an immediately dis
over a spe-
ial relationship between the Cherenkov-like gluon ra-diation pattern and the LPM interferen
e e�e
t. In

our 
ase of indu
ed gluon radiation, the Cherenkov-likebremsstrahlung is a result of 
omplete LPM interferen
ewithin the forward 
one �
. If we express the self-energyof a spa
e-like gluon in terms of gluon's diele
tri
 
on-stant �(`), �(`) � 1� �T (`)`20 ; (5)or �(`) = ~̀2=`20, one 
an �nd the 
one-size of thisCherenkov-like gluon radiation as
os2 �
 = z + 1� z�(`) : (6)In the soft radiation limit z � 0, this 
orresponds exa
tlyto the angle of 
lassi
al Cherenkov radiation.One 
an also 
ompute the total quark energy loss dueto the Cherenkov-like gluon radiation from Eq. (4),�E = E Z dzd`2Tz dNgdzd`2T� �E0 � ( 2; for j�T jL2E � 1�1 + 13 j�T jL2E � ; for j�T (`)jL2E � 1 (7)where �E0 � eC�2smNL23 ln(E=�) is the radiative en-ergy loss from normal gluon bremsstrahlung [10℄ withgluon spe
tra as given by Eq. (1) and � is the averagedtransverse momentum transfer for elasti
 parton s
atter-ing in the medium. For simpli�
ation, we assumed that�T (`0) � �T has a weak momentum dependen
e for soft(spa
e-like) gluons. It is interesting to note that the to-tal energy loss be
omes twi
e of that from normal gluonradiation when j�T (`0)j � 2E=L, whi
h 
orresponds toa large gluon diele
tri
 
onstant �� 1+2=z2EL. In this
ase, the diele
tri
 property of the medium ampli�es theindu
ed radiative energy loss.We note, as pointed out in Ref. [20℄, that trueCherenkov gluon radiation without multiple parton s
at-tering 
an also 
ause radiative energy loss. Its value,(dE=dx)
 � 4��s`20=2 is 
onsiderably smaller than thes
attering-indu
ed radiative energy loss sin
e the typi
alspa
e-like gluon energy `0 � T is rather soft, on the or-der of the temperature, when Cherenkov radiation is thestrongest. It also has a very weak dependen
e on thematter density. IV. DISCUSSIONSWe should emphasize that the gluon spe
tra in this pa-per is obtained through a simpli�ed treatment of indu
edradiation of gluons with diele
tri
 
onstant � > 1. A more
omplete study is needed, however, in
luding the longi-tudinally polarized gluons, for more a

urate 
al
ulationof the �nal gluon spe
tra. However, we expe
t the main3



feature of our study in this paper will remain. A largegluon diele
tri
 
onstant will lead to a Cherenkov-likegluon bremsstrahlung due to LPM interferen
e. If su
h amedium with large gluon diele
tri
 
onstant is 
reated inhigh-energy heavy-ion 
ollisions, then one should see su
han angular distribution of soft hadrons in the dire
tionof quen
hed jets. Su
h an angular distribution appearssimilar to that from a Ma
h 
one 
aused by a supersoni
jet. However, the underlying me
hanisms are 
ompletelydi�erent and the distribution of produ
ed parti
les is de-termined by di�erent properties of the medium. Thepattern of Cherenkov-like gluon bremsstrahlung is de-termined by the gluon diele
tri
 
onstant in the mediumwhile the 
one size of the soni
 sho
k wave is dire
tlyrelated to the sound velo
ity in the medium.The momentumdependen
e of the 
one size is also dif-ferent between soni
 sho
k wave and the Cherenkov-likebremsstrahlung. Sin
e the soni
 sho
k wave is 
ausedby the propagation of energy at the sound velo
ity in themedium, the resulting Ma
h 
one size should be indepen-dent of the �nal soft hadrons' momenta. On the otherhand, the gluon diele
tri
 
onstant has a strong depen-den
e on the gluon momentum. In general, it de
reaseswith the gluon momentum, so that large momentum glu-ons will be
ome light-like again. Therefore, one expe
tsto see the Cherenkov 
one size be
ome smaller and the
one will eventually disappear for high-energy gluons.This means that the angular 
orrelation of soft hadronswill gradually be
ome peaked in the dire
tion of the jetwhen the momentum of the soft hadrons is in
reased.Su
h a di�eren
e in the momentum dependen
e of theangular 
one size 
an be used to distinguish the soni
sho
k wave from Cherenkov-like gluon bremsstrahlung.Con�rmation and measurement of su
h Cherenkov pat-tern will provide information on the fundamental andintrinsi
 properties of the dense medium.As has been demonstrated, the Cherenkov-like gluonbremsstrahlung will in
rease the total parton energy lossby almost a fa
tor of two if the gluon diele
tri
 
onstantis really large. This will 
ertainly a�e
t the modi�
a-tion of the leading hadron spe
tra from fragmentationof the leading partons. One therefore has to revise theprevious analyses [10{12℄ of the RHIC data on high-pThadron suppression and the extra
tion of the initial gluondensity.We would like to thank V. Ko
h for helpful dis
ussions.This work is supported by the Dire
tor, OÆ
e of EnergyResear
h, OÆ
e of High Energy and Nu
lear Physi
s,Divisions of Nu
lear Physi
s, of the U.S. Department ofEnergy under Contra
t No. DE-AC02-05CH11231.
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